INTRODUCTION
Despite recent advances in the understanding of the forkhead box (FOX) family of transcription factors, the biological functions of the majority of the forkhead family of proteins including FOXK1 and FOXK2 remain to be explored.
It is reported that FOXK1 and FOXK2 transcriptionally regulate starvation-induced atrophy and autophagy programs through recruitment of the SIN3A complex (Bowman et al., 2014) . In addition to the SIN3A complex, FOXK2 also interacts with BRCA1-associated protein 1 (BAP1) deubiquitinase in its transcriptional regulatory activity (Ji et al., 2014; Okino et al., 2015) . Interestingly, it is also reported that FOXK2 functions non-genomically by translocating Dishevelled protein (DVL) into the nucleus to positively regulate Wnt signaling (Wang et al., 2015) or through acting as a scaffold protein to regulate ubiquitin-mediated degradation of estrogen receptor (ERa) (Liu et al., 2015b) . Remarkably, partial tetrasomy of chromosome 17q25.3 was detected in a 10-year-old girl with severe intellectual disability, West syndrome, Dandy-Walker malformation, and syndactyly; the breakpoint at 17q25.3 for the chromosome rearrangement was located within the FOXK2 gene (Hackmann et al., 2013) , suggesting a pivotal role for FOXK2 in development. As accumulating evidence indicates that a number of transcription factors that are required for normal development are also involved in tumor development, a role for FOXK2 in tumorigenesis is expected. However, little is known about the role of FOXK2 in tumor development and progression.
Significance
Our experiments show that lost expression of FOXK2 during breast cancer progression is linked to elevated expression of EZH2, an eminent feature of aggressive breast cancer. We find that, indeed, the expression of FOXK2 is inversely correlated with that of EZH2 and HIF1b in breast carcinomas. Our study reveals that FOXK2 is involved in transcription repression, providing a molecular basis for the understanding of the mechanistic action of FOXK2. Our results indicate that the ERa-FOXK2-HIF1b/EZH2 axis is critically implemented in breast cancer progression, supporting the pursuit of these molecules as therapeutic targets for breast cancer intervention.
The majority of cellular activity is determined by tightly controlled transcription programs that enable or disable gene expression. The on or off control of gene expression involves numerous transcription factors and is assisted by a cascade of co-activators or corepressors. These cofactors act in a combinatorial manner and coordinated fashion to influence the chromatin environment, thereby regulating the accessibility of the transcription machinery to chromatin. Specifically, transcription repression involves the recruitment of distinct corepressor complexes including NCoR/ SMRT, SIN3A, NuRD, and REST/CoREST, all contain chromatin-modifying activities such as histone deacetylase (HDAC). These corepressor complexes are recruited by a broad array of transcription factors and participate in a variety of cellular activities. Consequently, dysfunction of these corepressor complexes has been implicated in various pathological states including malignant transformation (Dannenberg et al., 2005; Lai and Wade, 2011; Westbrook et al., 2005; Wong et al., 2014 ).
In the current study, we investigated the transcriptional activity, genomic targets, cellular function, and regulation of FOXK2, and explored the role of FOXK2 in breast carcinogenesis.
RESULTS

FOXK2 Is a Transcription Repressor and Physically Associated with Multiple Transcription Corepressor Complexes
In order to explore the cellular activity of FOXK2, we first investigated the transcriptional activity of this transcription factor. For this purpose, full-length FOXK2 was fused to the C terminus of the Gal4 DNA-binding domain (Gal4-FOXK2) and the transcriptional activity of the fused construct was tested in HeLa cells. We used three different Gal4-driven luciferase reporter systems that all contain five copies of the Gal4 binding sequence but differ in basal promoter elements. The results showed that FOXK2 elicited a robust repression of the reporter activity in a dose-dependent fashion in all of the reporter systems ( Figure 1A ). Meanwhile, overexpression of FLAG-FOXK2 had no effect on the activity of Gal4-driven reporters ( Figure 1A ), suggesting that FOXK2 must be physically associated with DNA to exert its transcription repression activity.
To determine if HDAC activity is required for FOXK2-mediated gene repression, we measured the reporter activity in HeLa cells under the treatment of trichostatin A (TSA), a specific HDAC inhibitor. The results indicate that TSA treatment was able to almost completely alleviate the repression of the reporter activity by FOXK2 ( Figure 1B ), suggesting that FOXK2-mediated repression was associated with an HDAC activity.
In order to gain a mechanistic insight into the transcription repression function of FOXK2, we employed affinity purification and mass spectrometry to interrogate the FOXK2 interactome in vivo. In these experiments, FLAG-FOXK2 was stably expressed in human breast adenocarcinoma MCF-7 cells. Cellular extracts were subjected to affinity purification using an anti-FLAG affinity column and the bound proteins were analyzed by mass spectrometry. The results showed that FOXK2 was co-purified with a list of proteins, including NCoR, SMRT, TBL1, and HDAC3, all components of the NCoR/SMRT complexes; SIN3A, SAP130, SAP30, HDCA1, and HDCA2, all constituents of the SIN3A complex; MTA1, MTA2, and MTA3, subunits of the NuRD complex; and REST and CoREST, subunits of the REST/CoREST complex ( Figure 1C , left). Additional proteins including BAP1 and SETD1B were also detected in the FOXK2-containing complex ( Figure 1C , left). The presence of these proteins in the FOXK2-associated protein complex was confirmed by western blotting of the column eluates (Figure 1C, right) . These results indicate that FOXK2 is associated with multiple transcription corepressor complexes in vivo. The detailed results of the mass spectrometric analysis are provided in Table S1 .
To confirm the in vivo interaction between FOXK2 and the corepressor complexes, total proteins from MCF-7 cells were extracted and co-immunoprecipitation was performed with antibodies detecting the endogenous proteins. Immunoprecipitation (IP) with antibodies against FOXK2 followed by immunoblotting (IB) with antibodies against the components of the corepressor complexes demonstrated that these corepressor components were efficiently co-immunoprecipitated with FOXK2 ( Figure 1D ). Reciprocally, IP with antibodies against representative components of the NCoR/SMRT, SIN3A, NuRD, and REST/CoREST complexes and IB with antibodies against FOXK2 also showed that FOXK2 was efficiently co-immunoprecipitated with the components of these corepressor complexes ( Figure 1D ). The associations between FOXK2 and these corepressor complexes were also detected in HEK293T cells ( Figure S1A ). (A) The schematic diagrams of the Gal4-luciferase reporter constructs. For reporter assays, HeLa cells were transfected with Gal4-DBD, different amounts of Gal4-FOXK2 or FLAG-FOXK2, together with the indicated Gal4-luciferase reporter for luciferase activity assay. *p < 0.05, **p < 0.01. (B) HeLa cells were transfected with the indicated plasmids and treated with trichostatin A (TSA) for luciferase activity assay. Each bar represents the mean ± SD for triplicate experiments. *p < 0.05, **p < 0.01. (C) Immunopurification and mass spectrometry analysis of FOXK2-associated proteins. Cellular extracts from FLAG-FOXK2-expressing MCF-7 cells were subjected to affinity purification with anti-FLAG affinity columns and eluted with FLAG peptide. The elutes were resolved by SDS-PAGE and silver-stained (left). The protein bands were retrieved and analyzed by mass spectrometry. Column-bound proteins were analyzed by western blotting using antibodies against the indicated proteins (right). (D) Co-immunoprecipitation assays in MCF-7 cells with anti-FOXK2 followed by immunoblotting (IB) with antibodies against the indicated proteins, or with antibodies against the indicated proteins followed by IB with anti-FOXK2. Table S1 and Figure S1 .
To investigate whether the physical association of FOXK2 with multiple transcription corepressor complexes reflects a capability of FOXK2 to interact with all of these protein complexes simultaneously or that of FOXK2 to interact with different corepressor complexes under different cellular environments, MCF-7 cells expressing FLAG-FOXK2 were synchronized by serum deprivation for 24 hr. After 6 hr of nutrient replenishment, cellular extracts were prepared, and affinity purification and mass spectrometry were performed again. We detected the physical association of FOXK2 with all of the major transcription repression complexes in synchronized MCF-7 cells ( Figure S1B ), favoring an argument that FOXK2 interacts with the multiple corepressor complexes simultaneously in vivo.
Fast protein liquid chromatography experiments were then performed with nuclear extracts with Superose 6 columns and a high salt extraction and size-exclusion approach. Native FOXK2 from MCF-7 cells was eluted with an apparent molecular mass much greater than that of the monomeric protein; FOXK2 immunoreactivity was detected in chromatographic fractions from the Superose 6 column with a relatively symmetrical peak centered between $669 and $2000 kDa. Significantly, overlapping of the elution patterns between FOXK2 and the components of the corepressor complexes was detected in corresponding fractions ( Figure 1E ), further supporting the idea that FOXK2 is associated with the multiple corepressor complexes in vivo.
We next performed glutathione S-transferase (GST) pull-down assays using GST-fused FOXK2 and in vitro transcribed/translated components of the corepressor complexes. These experiments indicate that FOXK2 was capable of interacting with TBL1 and TBLR1 (NCoR/SMRT complexes), SIN3A (SIN3A complex), RbAp46, RbAp48, and MTA3 (NuRD complex), and CoREST (REST/CoREST complex), but not with the other components that we tested ( Figure 1F , left). Reciprocally, GST pull-down experiments with GST-fused components of the corepressor complexes and in vitro transcribed/translated FOXK2 yielded similar results ( Figure 1F , right).
FOXK2 contains two distinct structural domains: the C-terminal forkhead (FH) domain, also known as winged helix, and the N-terminal FH-associated (FHA) domain, a phosphopeptide recognition motif found in many regulatory proteins. GST pulldown assays with GST-fused FHA domain (amino acids [aa] 1-200) or FH domain (aa 201-661) and in vitro transcribed/translated TBL1, SIN3A, RbAp48, MTA3, and CoREST showed that the FHA domain is responsible for the interaction of FOXK2 with these proteins ( Figure 1G ). Together, these experiments not only revealed the molecular detail involved in the interaction of FOXK2 with the multiple corepressor complexes ( Figure 1H ), but also provided additional support to the physical association between FOXK2 and these corepressor complexes in vivo. Table S2 , and the representative ChIP-seq peak data are shown in Figure 2A (upper). The DNA sequences associated with these peaks were then cross-analyzed with publicly available ChIP-seq datasets for TBL1 (GSM865743), SIN3A (GSM1010862), REST (GSM1010891), and with our previously published ChIP-seq data for MTA3 (GSM1642517) for overlapping DNA sequences/gene promoters to represent the co-targets of the FOXK2/NCoR/SMRT complex, the FOXK2/SIN3A complex, the FOXK2/REST/CoREST complex, and the FOXK2/ NuRD complex, respectively (Figure 2A , lower). These analyses identified a total of 1,311 promoters targeted by FOXK2 and TBL1, 2,079 promoters regulated by FOXK2 and SIN3A, 1,503 promoters targeted by FOXK2 and MTA3, and 449 promoters regulated by FOXK2 and REST ( Figure S2 ). Significantly, analysis of the genomic signatures of FOXK2 and the four corepressor complexes indeed revealed similar binding motifs between FOXK2 and TBL1, FOXK2 and SIN3A, FOXK2 and MTA3, and FOXK2 and REST ( Figure 2B ). In addition, comparing the characteristic genomic landscapes of TBL1, SIN3A, MTA3, and REST indicate that these proteins were indeed significantly enriched in regions surrounding the FOXK2 binding sites ( Figure 2C ). Moreover, although overlapping targets did exist, when tag densities from TBL1, SIN3A, MTA3, and REST were clustered against the entire peaks of FOXK2 by seqMINER, an integrated ChIP-seq data interpretation platform (Ye et al., 2011) , the tags from the four corepressor complexes were mapped to distinct groups of FOXK2 peaks ( Figure 2D ), supporting a notion that FOXK2 regulates different sets of genes through interacting with different complexes. Quantitative ChIP (qChIP) analysis in MCF-7 cells using specific antibodies against FOXK2 on selected genes including Survivin, BCAS3, CUL4B, EZH2, FOXC2, HIF1b, CD44, VEGF, CREBBP, HIG2, and HSP90AA1 showed occupancy of FOXK2 on the promoters of these genes, validating the ChIP-seq results (Figure 3A, upper) . Among these genes, CUL4B, VEGF, and HIG2 were the co-targets of HDAC3 (NCoR/SMRT complex), Survivin and HIF1b were co-targeted by SIN3A (SIN3A complex), BCAS3, EZH2, FOXC2, CD44, and CREBBP were co-regulated by MTA3 (NuRD complex), and HSP90AA1 was also targeted by CoREST (REST/CoREST complex) ( Figure 3A , lower).
To gain further support of the notion that FOXK2 nucleates the four corepressor complexes to regulate distinct target genes, sequential ChIP or ChIP/Re-ChIP experiments were performed on four target genes VEGF, HIF1b, EZH2, and HSP90AA1, representing the four corepressor complexes, respectively. In these experiments, soluble chromatins were first immunoprecipitated with antibodies against FOXK2, and the immunoprecipitates were subsequently re-immunoprecipitated with appropriate antibodies. The results showed that, in precipitates, the VEGF promoter that was immunoprecipitated with antibodies against FOXK2 could only be re-immunoprecipitated with antibodies against HDAC3 and NCoR, the HIF1b promoter could only be re-immunoprecipitated with antibodies against SIN3A and SAP30, the EZH2 promoter could only be re-immunoprecipitated with antibodies against Mi-2 and MTA3, and the HSP90AA1 promoter could only be re-immunoprecipitated with antibodies against CtBP1 and CoREST ( Figure 3B ), strongly supporting the targeting of different genes by FOXK2 and its associated distinct corepressor complexes.
To further validate the ChIP-seq results, FOXK2 was knocked down in MCF-7 cells using three different sets of small interfering RNA and the expression of Survivin, BCAS3, CUL4B, EZH2, FOXC2, HIF1b, CD44, VEGF, CREBBP, HIG2, and HSP90AA1 was analyzed by real-time RT-PCR. The results showed that depletion of FOXK2 resulted in a significant increase, albeit to a different extent, in the expression of all the tested genes (Figure 3C , upper left); whereas HDAC3 knockdown resulted in the increase of the expression of only CUL4B, VEGF, and HIG2, SIN3A knockdown led to elevated expression of only Survivin and HIF1b, MTA3 knockdown affected the expression of only BCAS3, EZH2, FOXC2, CD44, and CREBBP, and CoREST knockdown affected the expression of only HSP90AA1 ( Figure 3C , middle left). The knockdown efficiency was verified by real-time RT-PCR ( Figure 3C , lower left) and western blotting ( Figure 3C , right).
FOXK2 and Its Associated Corepressor Complexes Suppress the Hypoxic Response and Breast Cancer Carcinogenesis
Classification of the transcriptional targets of FOXK2 and its four corepressor complexes using online tool DAVID (https:// david.ncifcrf.gov/) with a false discovery rate cutoff value of 0.05 indicate that FOXK2 and its nucleated corepressor complexes regulate several cellular signaling pathways including the cell cycle, DNA damage response, p53 pathway, and hypoxia pathway ( Figure S2 ), which are critically involved in cell proliferation and migration. Particularly, VGFR (Goel and Mercurio, 2013) , HIF1b (Semenza, 2012) , EZH2 (Chang et al., 2011) , HIG2 (Kim et al., 2013; Togashi et al., 2005) , CREBBP (Ruas et al., 2002) , and HSP90AA1 (Sahu et al., 2012) are all implicated in the hypoxic response, a fundamental feature of solid tumors linked to cell proliferation, survival, angiogenesis, immunosurveillance, metabolism, as well as tumor invasion and metastasis (Gilkes et al., 2014) . In addition, other FOXK2 targets including BCAS3 (Gururaj et al., 2006) , FOXC2 (Hollier et al., 2013) , and CUL4B (Hu et al., 2012) have been implicated in epithelial-mesenchymal transition (EMT), another hallmark of cancer and an early event in cancer metastasis (Hanahan and Weinberg, 2011) .
In order to explore the role of FOXK2 in the development and progression of breast cancer, we first analyzed the effect of lossof-function of FOXK2 on cell proliferation. Colony formation assays showed that FOXK2 knockdown was associated with a significant increase in colony number of MCF-7 (Figure 4Aa ) and T-47D ( Figure S3A ) cells. Similar results were also obtained in normal human mammary gland epithelial MCF-10A cells (Figure S3B ). EdU cell proliferation assays revealed that depletion of FOXK2 in MCF-7 (Figure 4Ab ) or in T-47D ( Figure S3C ) cells was associated with a marked increase in proliferating cells. Growth curve measurement indicates that FOXK2 stable knockdown rendered a much higher growth rate for MCF-7 (Figure 4Ac ) and T-47D ( Figure S3D phase. Although, due to massive cell death associated with FOXK2 overexpression, we were unable to perform similar assays with gain-of-function of FOXK2, the above data suggest that FOXK2 is a potent inhibitor of cell proliferation.
Morphologically, while control MCF-7 cells maintained organized cell-cell adhesion and cell polarity, FOXK2-deficient cells exhibited loss of cell-cell contacts, cells became scattered, and the cobble stone-like appearance was replaced by a spindlelike, fibroblastic morphology ( Figure 4B, upper) , indicative of characteristic morphological changes of EMT. To investigate the potential role of FOXK2 and its associated corepressor complexes in the regulation of EMT, the expression of FOXK2, HDAC3, SIN3A, MTA3, or CoREST was individually knocked down in MCF-7 cells, and the expression of epithelial/mesenchymal markers was analyzed by real-time RT-PCR and western blotting in these cells. The results showed that depletion of FOXK2 or the representative components of its associated corepressor complexes resulted in reduced expression of epithelial markers and more evident induction of mesenchymal markers at both mRNA and protein levels ( Figure 4B, lower) . Consistent with the observation that EZH2 is targeted and transrepressed by the FOXK2/ NuRD (MTA3) complex, knockdown of EZH2 could, at least partially, rescue the changes of EMT markers in FOXK2-or MTA3-deficient cells ( Figure 4C ). Together, these observations support a role for FOXK2 and its associated corepressor complexes in suppressing EMT.
It is believed that hypoxia and EMT mutually promote each other under malignant conditions (Liu et al., 2015a) . In order to investigate if the regulation of EMT by FOXK2 and its associated corepressor complexes is functionally linked to the HIF1a/ HIF1b-directed hypoxia pathway, MCF-7 cell clones with FOXK2, HDAC3, SIN3A, MTA3, or CoREST individually and stably depleted were generated by lentivirus-delivered small hairpin RNA (shRNA) and re-infected with lentiviruses carrying HIF1a shRNA. We found that the alterations of the expression of epithelial and mesenchymal markers associated with depletion of FOXK2, HDAC3, SIN3A, MTA3, or CoREST could be rescued by HIF1a knockdown (Figure S3F, upper) . Consistently, digoxin, a cardiac glycoside and well-known inhibitor of HIF1a and HIF2a (Zhang et al., 2008) , was able to, at least partially, offset the changes of the expression of EMT markers ( Figure S3F, upper) .
In order to further support the role of FOXK2 and its nucleated corepressor complexes in the development and progression of breast cancer, we investigated the influence of FOXK2, HDAC3, SIN3A, MTA3, and CoREST on cellular behaviors in breast cancer cells. To this end, the expression of FOXK2, HDAC3, SIN3A, MTA3, or CoREST was individually and stably depleted in MCF-7 cells by lentivirus-delivered shRNA and the invasive potential of these cells was assessed by transwell invasion assays. Consistent with the observations that knockdown of FOXK2, HDAC3, SIN3A, MTA3, or CoREST promoted EMT, we found that loss-of-function of these proteins all led to an increase in the invasive potential of MCF-7 cells ( Figure 4D, upper) . In agreement, loss of FOXK2 in normal mammary MCF-10A cells was associated with an increased migration of these cells in vitro ( Figure 4D lower) . Meanwhile, knockdown of HIF1b in FOXK2-depleted MCF-7 cells (with high FOXK2 expression) offset the enhanced cell invasion associated with the loss of FOXK2 ( Figure 4E, upper) , while forced expression of HIF1b neutralized the inhibited invasion of FOXK2-overexpressing MDA-MB-231 cells (with low FOXK2 expression) ( Figure 4E , lower).
To investigate the role of FOXK2 and its associated corepressor complexes in the development and progression of breast cancer in vivo, we first examined the effect of loss-offunction of FOXK2 on the growth/dissemination of tumors developed from breast cancer cells in a mouse model. MDA-MB-231 cells that were engineered to stably express firefly luciferase (MDA-MB-231-Luc-D3H2LN, Xenogen) were infected with lentiviruses carrying control shRNA or FOXK2 shRNA. These cells were then orthotopically implanted onto the abdominal mammary fat pad of 6-week-old immunocompromised severe combined immunodeficiency (SCID) female mice (n = 8). The growth of tumors was monitored weekly by bioluminescence imaging with the IVIS imaging system (Xenogen) over a period of 4 weeks. Tumor metastasis was measured by quantitative bioluminescence imaging after 7 weeks. A metastatic event was defined as any detectable luciferase signal above background and away from the primary tumor site. The results showed that, compared with control, FOXK2 knockdown was associated with not only a significant increase in the growth of the primary MDA-MB-231-Luc-D3H2LN tumors, but also a marked induction of liver and spleen metastasis of the tumors ( Figure 5A ).
MDA-MB-231 Luc-D3H2LN cells were then infected with lentiviruses carrying shRNA targeting FOXK2, HDAC3, SIN3A, MTA3, CoREST, or FOXK2 + HIF1a. These cells were then injected intravenously into SCID mice (n = 8), and seeding lung metastasis was measured by quantitative bioluminescence imaging after 7 weeks of injection. The results showed that, compared with control, knockdown of FOXK2, HDAC3, SIN3A, MTA3, or CoREST all led to a dramatic increase in lung metastasis of the MDA-MB-231-Luc-D3H2LN tumors ( Figure 5B , upper, left). In addition, the effect of FOXK2 depletion on lung metastasis was offset at least partially when HIF1a was simultaneously knocked down ( Figure 5B, upper right) . The metastases to the lungs were verified by histological staining ( Figure 5B , upper right). The efficiency of knockdown was validated by western blotting, and the status of hypoxic response was monitored by measurement of the expression of HIG2 by real-time RT-PCR ( Figure 5B, lower) . Collectively, these experiments support the notion that FOXK2 recruits multiply corepressor complexes to suppress breast cancer carcinogenesis through targeting the hypoxia pathway.
FOXK2 Is Transactivated by ERa and Transrepressed, via Successive Feedback, by HIF1b and EZH2
Profiling of the expression of FOXK2 and its associated corepressor complexes in breast cancer lines indicates that the protein levels of FOXK2 ( Figure 6A , left) and the representative components of its associated corepressor complexes ( Figure S4A ) are generally higher in ERa + cell lines than in ERa À cell lines. In corroboration, analysis of public dataset (GEO: GSE5460) showed that the level of FOXK2 is overall higher in ERa + breast carcinomas than in ERa À counterparts, and that in ERa + breast carcinomas the expression level of FOXK2 is positively correlated with that of ERa ( Figure 6A, right) . To test the hypothesis that FOXK2 is transcriptionally regulated by ERa, MCF-7 cells were cultured in steroids-depleted and phenol red-free medium for 3 days and treated with 17b-estradiol (E2). Measurement of FOXK2 expression in these cells by real-time RT-PCR and western blotting indicates that both mRNA and protein levels of FOXK2 was strongly induced by E2 ( Figure 6B , left). Consistently, knockdown of ERa resulted in a reduction and overexpression of ERa was associated with an elevated expression of FOXK2 in MCF-7 cells ( Figure 6B , left). Bioinformatics analysis of FOXK2 promoter using BIOBASE identified multiple potential ERa binding sites, and the targeting of FOXK2 by ERa was also described in a recent mapping of the genome-wide ERa binding profile (GSM1831738) ( Figure 6B , upper right). qChIP experiments using primers corresponding to four potential ERa binding sites on FOXK2 promoter indeed detected specific ERa binding at a À1,627 to À1,403 bp region upstream of FOXK2 transcription start site ( Figure 6B , lower right). Together, these experiments indicate that FOXK2 is transactivated by ERa in breast cancer cells. Given our observation that FOXK2 targets the hypoxic response, it is tempting to speculate that the hypoxic response could influence FOXK2 expression. To test this, MCF-7 cells were treated with CoCl 2 , a chemical inducer of HIF1a (Piret et al., 2002) . Measurement of the expression of FOXK2 in these cells by real-time RT-PCR and western blotting indicates that both mRNA and protein levels of FOXK2 decreased upon treatment with CoCl 2 (Figure 6C, upper) . Consistently, overexpression of HIF1a in MCF-7 cells led to a decreased expression of FOXK2 ( Figure 6C, upper) , whereas knockdown of HIF1b or treatment with digoxin resulted in elevated expression of FOXK2 in MDA-MB-231 cells ( Figure 6C, lower) . These results suggest that the hypoxia pathway negatively regulates the expression of FOXK2.
The hypoxic response is believed to be mediated by the HIF1a/HIF1b heterodimer acting to activate transcription (Gilkes et al., 2014) . Thus, the negative regulation of FOXK2 expression by HIF1a/HIF1b must be a result of a secondary effect of hypoxic response. Indeed, scanning the FOXK2 promoter revealed no HIF consensus sequence. However, it is interesting to note that a HIF consensus sequence was found in the promoter of EZH2 which is transactivated by HIF1a/ HIF1b in responding to hypoxia (Chang et al., 2011) . In addition, profiling histone methylation marks on the FOXK2 promoter by qChIP showed that, among the repressive methylation marks that we examined, H3K27me3 is highly enriched at the FOXK2 promoter ( Figure 6D, left) . Given that H3K27me3 is a histone modification catalyzed by EZH2 and our observation that FOXK2 and EZH2 are functionally connected, we hypothesized that HIF links EZH2 to regulate FOXK2 expression. To test this, we first examined the occupancy of HIF1a on EZH2 promoter. qChIP experiments in MCF-7 cells indeed detected the recruitment of HIF1a on EZH2 promoter in responding to CoCl 2 treatment ( Figure 6D , right). EZH2 was then overexpressed in MCF-7 cells or knocked down in MDA-MB-231 cells for the measurement of the expression of FOXK2 in these cells by western blotting. The results showed that overexpression of EZH2 resulted in a decreased expression of FOXK2, while depletion of EZH2 led to an increased expression of FOXK2 ( Figure 6E , left), suggesting that FOXK2 is transrepressed by EZH2. In support of this inference, qChIP experiments detected the binding of EZH2 on the promoter of FOXK2 in MCF-7 cells ( Figure 6E, right) , and western blotting showed that knockdown of EZH2 in MDA-MB-231 cells resulted in an increased expression of FOXK2, even when hypoxic response was activated by CoCl 2 , whereas EZH2 overexpression in MCF-7 cells was associated with a (legend continued on next page) reduction of FOXK2 expression, even when hypoxic response was inactivated by digoxin ( Figure 6F ). These results point to the existence of a reciprocal successive feedback loop between FOXK2 and EZH2/HIF1b in which FOXK2 transrepresses HIF1b and EZH2, and HIF1b, heterodimerized with HIF1a, transactivates EZH2, which, in turn, transrepresses FOXK2.
FOXK2 Is Downregulated in Breast Carcinomas and Its Expression Is Progressively Lost during Breast Cancer Progression
In order to gain further support of the role of FOXK2 in breast cancer development and progression and to extend our observations to a clinicopathologically relevant context, we collected 25 breast carcinoma samples with paired adjacent normal mammary tissues from breast cancer patients and analyzed by real-time RT-PCR the mRNA expression of FOXK2. We found that the mRNA expression of FOXK2 is downregulated in breast carcinomas in 18 of the paired samples ( Figure 7A ). In addition, consistent with our working model that FOXK2 and its associated corepressor complexes transcriptionally target EZH2 and HIF1b, when the relative expression levels of EZH2 or HIF1b were plotted against that of FOXK2 in the 25 breast carcinoma samples, significant negative correlations were found ( Figure 7B ). Next, we examined FOXK2 protein levels by immunohistochemical staining of a human tissue array containing 30 grade II breast carcinoma samples paired with normal mammary tissues as well as tissue arrays including 140 breast carcinoma samples from patients with grade I (28), II (77), or III (35) breast cancer. Analysis using Image-Pro Plus software showed that the expression of FOXK2 is significantly downregulated in breast carcinoma samples ( Figure 7C ). Remarkably, we found that the level of FOXK2 expression is negatively correlated with the histological grades of the tumors, suggesting that the expression of FOXK2 is progressively lost during breast cancer progression. Interrogation of a public dataset (GEO: GSE5460) also supports the notion that the expression of FOXK2 is downregulated in breast cancer (Figure 7Da ) and, interestingly, we found that the level of FOXK2 expression is correlated with poor prognostic molecular signatures when breast carcinoma samples were further stratified into luminal, ERa (Figure 7Db, left) . Further analysis of these data also showed that the level of FOXK2 expression is negatively correlated with the histological grades of breast cancer (Figure 7Db, right) , and that, remarkably, low level of FOXK2 expression in breast carcinomas is strongly correlated with the lymph node positivity of the patients (Figure 7Dc ). Moreover, querying Lu's breast cancer dataset in Oncomine (https://www.oncomine.org/) revealed that the levels of EZH2 and HIF1b are positively correlated with the histological grades of breast cancer (Figure 7Dd ). Together, these results not only fortify our observation that FOXK2 and its associated corepressor complexes transcriptionally target EZH2 and HIF1b, but also support the existence of the reciprocal feedback regulatory loop between FOXK2 and HIF1b/EZH2.
Finally, Kaplan-Meier survival analysis for the expression of FOXK2 and the clinical behaviors of breast cancer with another online tool (http://kmplot.com/analysis/) showed that high a level of FOXK2 (p = 0.0099) was associated with a better overall survival in breast cancer patients ( Figure 7E , left). Further stratification of patient groups based on the inverse pattern of the expression of FOXK2 and EZH2 improved the predictive capability of FOXK2 ( Figure 7E, right) . These data are consistent with a role for FOXK2 in suppressing breast cancer development.
DISCUSSION
We report that FOXK2 acts as a transcription repressor. We showed that the transcriptional regulatory activity of FOXK2 is dependent on HDAC activities, and we found that FOXK2 indeed physically interacts with multiple corepressor complexes that all contain HDAC activities. These results are consistent with previous reports (Bowman et al., 2014; Ji et al., 2014; Okino et al., 2015) .
The physical association of FOXK2 with multiple transcription corepressor complexes in one cell lineage is surprising and puzzling. One possibility for this is that FOXK2 is able to interact with all of these protein complexes simultaneously (the simultaneous model). An alternative and more convenient explanation is that FOXK2 is associated with a particular corepressor complex under a particular cellular environment (the differential model). Although, due to the limitation of current technologies, the differential model cannot be definitively excluded, at least in our experiments, by detection of the association of FOXK2 with the four corepressor complexes in synchronized cells, the simultaneous model is favored.
The question is: what is the biological significance or evolution advantage for one transcription factor to nucleate multiple corepressor complexes? In this regard, it is worth noting that nuclear receptors also engage in multiple complexes, accounting for the diversity of gene-regulatory networks and heterogeneity of tumors (Cui et al., 2011; Sharma et al., 2006) . Analogously, by interacting with multiple corepressor complexes, the genes regulated by FOXK2 expand and the scope and variety of the impact of FOXK2 extend. Perhaps equally important, each cellular signaling pathway is constituted by multiple components/factors. The role of each individual component/factor within the pathway is restricted stoichiometrically. Thus, association with one corepressor complex and regulation of one (or a few) components of a particular cellular signaling pathway may or may not generate an overt and timely effect on the entire pathway, whereas interacting with multiple corepressor complexes and targeting multiple components/factors of a cellular signaling pathway will surely entail more efficient impact on that pathway. In this sense, it is interesting to note that VEGF, HIG2, and CUL4B were targeted by the FOXK2-associated NCoR/SMRT complex; HIF1b and Survivin were regulated by the FOXK2-associated SIN3A complex; CREBBP, EZH2, FOXC2, and BCAS3 were repressed by the FOXK2-associated NuRD complex; and HSP90AA1 was controlled by the FOXK2-associated REST/CoREST complex. As these targets are all functionally linked to the hypoxia pathway, nucleation of the multiple corepressor complexes by FOXK2 and alteration of the expression of these targets would have an imminent and powerful influence on the hypoxia pathway. It is also possible that different corepressor complexes aid or stabilize the binding of FOXK2 to its genomic targets and contribute to the specification of FOXK2 targets. After all, the FOX family proteins are by no means stereotypical transcription factors: for one, a consensus DNA sequence for any class of the FOX family is yet to be determined (Kaestner et al., 2000; Lehmann et al., 2003) ; and, two, despite their highly conserved sequences, FOX proteins exhibit divergent and even opposing biological activities by either activating or repressing distinct gene networks (Kaestner et al., 2000; Lehmann et al., 2003) , and these transcription factors even act non-genomically (Liu et al., 2015b; Wang et al., 2015) .
As hypoxia is a fundamental feature of locally advanced solid tumors, the transcriptional repression of the hypoxia pathway by FOXK2 and its associated corepressor complexes is of particular significance, both physiologically and pathologically. During breast cancer progression, lost of FOXK2 will lead to the derepression of the hypoxia signaling, the activation of which promotes EMT and metastasis (Sahlgren et al., 2008; Zhang et al., 2013) . Interestingly, our experiments demonstrated that HIF1b is a downstream target of FOXK2, supporting the fluctuation of HIF1b level under hypoxia and its importance in breast cancer progression.
EZH2 is highly expressed in various malignancies including breast cancer, and overexpression of EZH2 is often correlated with advanced stages of cancer progression and poor prognosis (Sauvageau and Sauvageau, 2010) . This scenario is consistent with our working model in which the expression of EZH2 is transrepressed by FOXK2. Thus, when the expression of FOXK2 is lost during breast cancer progression, the level of EZH2 is elevated. According to our model, lost expression of FOXK2 leads to the activation of the hypoxia pathway and elevated expression of EZH2, and the hypoxia signaling further augments the level of EZH2, which, in turn, ulteriorly downregulates FOXK2. Apparently, a reciprocal successive feedback loop between FOXK2 and HIF1b/EZH2 exists in breast cancer cells in which FOXK2 represses the hypoxic response and EZH2, which, in turn, relays to downregulate FOXK2 ( Figure 7F ), further aggravating the situation and promoting breast cancer progression.
Our findings of the regulation of the hypoxia pathway and EZH2 by FOXK2, places FOXK2 in a critical position in controlling breast cancer progression. Consistent with this notion and in agreement with the general belief that patients with ERa + breast cancer are associated with a better outcome (Liang and Shang, 2013; Shang, 2006) , we demonstrated that FOXK2 is positively regulated and transactivated by ERa. Whether or not the lost expression of FOXK2 is due to the lost expression of ERa in breast cancer is currently unknown. At least in our analysis of the clinical samples, the level of FOXK2 is positively correlated with that of ERa. Significantly, our investigation of the TCGA database (Ciriello et al., 2015) found one missense mutation and one frameshift mutation in the FOXK2 coding sequence. However, the overall frequency of the FOXK2 mutation appears to be low, and how these mutations might impact on the functionality of FOXK2 and contribute to breast carcinogenesis remain to be investigated. As stated earlier, although FOXK2 is implicated in severe developmental defects (Hackmann et al., 2013) , the precise biological function of FOXK2 is yet to be defined. Perhaps more relevant to our current study, future investigations are needed to delineate the molecular mechanisms, genetic or epigenetic, underlying the lost expression of FOXK2 during the development of breast cancer. In addition, the molecular mechanisms and the evolutionary advantages concerning the association of FOXK2 with multiple corepressor complexes in one cell lineage remain to be investigated. Moreover, although our study focuses on the hypoxia pathway, components of multiple biological signaling pathways including Notch, blood vessel development, and cell metabolism are also identified to be regulated by FOXK2-nucleated protein complexes (Figure S2) . Therefore, it is conceivable that FOXK2 orchestrates multiple signaling pathways and controls a batch of biological processes during breast cancer carcinogenesis. Nevertheless, our study demonstrated that FOXK2 is a transcription repressor and a potential tumor suppressor. Our experiments revealed that FOXK2 nucleates multiple corepressor complexes to repress EZH2 and suppress the hypoxia pathway. Our study uncovered a reciprocal successive feedback loop between FOXK2 and HIFb/EZH2 and an ERa-FOXK2-HIFb/EZH2 axis in controlling the development and progression of breast cancer, supporting the pursuit of these molecules as targets for breast cancer intervention.
EXPERIMENTAL PROCEDURES
In Vivo Metastasis MDA-MB-231 cells that had been transfected to stably express firefly luciferase (Xenogen) were infected with lentiviruses carrying control shRNA, shFOXK2, shCoREST, shSIN3A, shHDAC3, shMTA3, or shFOXK2 + shHIF1a. These cells were inoculated into the left abdominal mammary fat pad (3-4 3 10 6 cells) of 6-week-old female SCID mice or injected into the lateral tail vein
(1-3 3 10 6 cells) of 6-week-old female SCID mice. For bioluminescence imaging, mice were injected abdominally with 200 mg/g of D-luciferin in PBS. Fifteen minutes after injection, mice were anesthetized and bioluminescence was imaged with a charge-coupled device camera (IVIS; Xenogen). Bioluminescence images were obtained with a 15 cm field of view, binning (resolution) factor of 8, 1/f stop, open filter, and an imaging time of 30 s to 2 min. Bioluminescence from relative optical intensity was defined manually. Photon flux was normalized to background which was defined from a relative optical intensity drawn over a mouse not given an injection of luciferin. Animal handling and procedures were approved by the Tianjin Medical University Institutional Animal Care.
Tissue Specimens
The samples of carcinomas and the adjacent normal tissues were obtained from surgical specimens from patients with breast cancer for whom complete information on clinicopathological characteristics was available. Samples were frozen in liquid nitrogen immediately after surgical removal and maintained at -80 C until mRNA and protein extraction. Breast tissue arrays were prepared and subjected to immunohistochemistry analysis with standard DAB staining protocols. All studies were approved by the Ethics Committee of the Tianjin Medical University, and informed consent was obtained from all patients.
Statistical Analysis
Results were reported as mean ± SD for triplicate experiments unless otherwise noted. SPSS V.17.0 and two-tailed unpaired t test were used for statistical analysis. The correlation coefficients were calculated by R programming. Breast tumor datasets were downloaded from http://www.ncbi.nlm. nih.gov/geo (Ivhsina; GEO: GSE5460, GES4922, GES1456, GES54275, and GES58812). Data for Kaplan-Meier survival analysis were from http://kmplot. com/analysis/index.php?p=service&cancer=breast.
ACCESSION NUMBERS
ChIP-seq data are deposited at the GEO database (http://www.ncbi.nlm.nih. gov/geo/) with an accession number GEO: GSE84241. 
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